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Abstract 

 

This paper presents a numerical investigation of the elastic properties of a novel hybrid 

polymer composite reinforced with graphene and MXene nanosheets. A finite element 

computational model was developed to analyze the mechanical properties of a new polymer 

hybrid composite reinforced with MXene and graphene taking into account the properties of 

the 2D nanosheets, different aspect ratios, placement options and volume fractions of 

nanoreinforcements, as well as the interaction effects between the nanofillers and the 

surrounding polymer matrix. Using the developed numerical model, the influences of the 

interface layer properties, MXene and graphene aspect ratio, alignment and volume fraction on 

the orthotropic mechanical properties of the proposed novel hybrid polymer nanocomposites 

were determined. The results suggest that MXenes along with graphene nanosheets show 

considerable promise in the development of novel nanoengineered high-strength 

multifunctional composite materials, as well as provides insight for future design of such 

materials. 
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1.  Introduction 

Presently, graphene attracts more attention than all other 2D materials together. The main 

advantages of graphene are excellent conductivity and mechanical properties. Graphene is used 

in a wide range of applications requiring lightweight, high strength polymer composite 

materials [1-4]. However, the commercial use of graphene is still limited by low production, as 

it is expensive. Graphene has a hydrophobic surface, resulting in agglomeration, poor 

compatibility and dispersibility in polymers, weak interfaces and insufficient mechanical 

reinforcement effects [5-6]. These parameters motivate the search for new materials meeting 

the requirements of contemporary technology. 

A new family of 2D nanomaterials was discovered in 2011, referred to as MXenes. 

MXenes were produced by the extraction of the A-group layers from the transition metal 

carbides and/or nitrides, known as the MAX phases [7]. MXenes conduct heat and electricity 

similarly to metals; however, they are strong, elastically stiff, brittle and heat-tolerant like 

ceramics [7, 8]. Moreover, they are resistant to chemically aggressive environments, relatively 

easily machinable, tolerant to damage and high temperature as well as resistant to fatigue, creep 

and oxidation [9]. Ti3C2 is one of the most common MXenes, produced from Ti3AlC2, and 

exhibits outstanding performances in many applications [10-15]. It is characterized by a high 

in-plane Young’s modulus as well as high bending rigidity and strength [16-17]. Taking these 

characteristics into account, MXenes show considerable promise as fillers for novel 

nanoengineered high-strength multifunctional composite materials; therefore, research and 

development of hybrid polymer composites by a combination of MXenes and graphene are 

currently very relevant topics. The exploration of MXenes is still in the preliminary stages, and 

opportunities are wide open for developing MXene reinforced composites for various practical 

applications. 

Despite the relatively easy manufacturing technology, MXenes are produced in quite 

limited quantities and, consequently, are not able to completely fulfill the growing demands for 

their scientific and practical applications. Therefore, computational models can be very 

effective to estimate the mechanical properties of nanoreinforced composites and to find 

recommendations for optimization of the composition of these materials. Theoretical and 

numerical methods for investigation of nanoreinforced composites have been developed based 

on the combination of atomistic simulations and continuum and structural mechanics [18]. 

Among them, the finite element-based method is commonly used in evaluating the material 

properties and behavior [19-22] due to the maturity of contemporary microstructure 

development techniques and the advances in material modeling [23]. Nevertheless, the vast 

majority of research works utilizing the finite element-based approach were focused on 

graphene for improving the mechanical properties of nanocomposites [24-26]. Recent studies 

on effective elasticity properties using numerical methods aimed to determine the anisotropic 

3D elastic behavior of diamond-based composites [27], investigate transversely isotropic 

properties of carbon nanotube (CNT)-polymer composites [28], analyze elastic properties of 

laminate composites reinforced with thin films composed of CNTs for military applications 

[29], predict elastic properties of a polymer hybrid composite with unidirectional carbon fibers 

coated with randomly oriented CNTs [30], and study the elastic response of bioinspired 

composite materials with high volume fractions of hexagonal and cylindrical inclusions [31]. 

Recent studies demonstrated great improvements in the mechanical properties of composites 

resulting from sophisticated chosen reinforcements, which motivates the search for new 

compositions of materials and their applications. 

The aim of this study is to analyze the mechanical properties of a new hybrid polymer 

composite reinforced with MXene and graphene 2D nanosheets by developing a finite element 

computational model, which would give the first insight on the proposed sort of composites, 

encourage research and facilitate practical applications, as well as provide insight for future 

design of similar composite materials. 
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2.  Computational model 

To investigate the elastic mechanical properties of the new hybrid polymer composite 

reinforced with MXene and graphene 2D nanosheets, a series of three dimensional 

computational microstructural models, which are called representative volume elements 

(RVEs), were developed. The RVEs were modeled with Digimat-FE (Extreme Engineering, 

MSC Software, Belgium) using various aspect ratios of graphene ρG and MXene ρMX inclusions 

(the diameter-to-thickness ratio), as well as various alignments and volume fractions (fG and 

fMX). In the RVEs with randomly oriented inclusions, the volume fraction of graphene was 

0.05%, while the volume fraction of MXene was changed from 0.05% to 0.5%. In the RVEs 

with aligned inclusions, the volume fraction of graphene was 0.2%, while the volume fraction 

of MXene was changed from 0.2% to 1.4%. An aspect ratio value of 1194 was used for the 

graphene inclusions, while aspect ratio values of 200 and 400 were used for the MXene 

inclusions. 

The graphene inclusions were modeled as discs with a thickness of 0.335 nm [26], while 

the MXenes were modeled as discs with a thickness of 1 nm [7, 9, 32]. It is known that 

nanofiller/polymer matrix interfaces influence the mechanical properties of nanocomposites. 

The thickness of the effective interface between inclusions and matrix was set to 1 nm based 

on the research [26]. The size of RVEs with randomly aligned inclusions was set to the diameter 

of the biggest inclusion multiplied by 3.5 times. For the RVEs with aligned inclusions, the edge 

sizes along the alignment direction was 3.5 times the diameter of the biggest inclusion and the 

edge size perpendicular to the alignment direction (along the 2-direction) was 0.2 times the 

edge size along the alignment direction. Figure 1 shows an RVE with randomly oriented 

inclusions as (ρG=1194, ρMX=200, fG=0.05%, and fMX=0.5%) (a) along with an RVE with aligned 

inclusions (ρG=1194, ρMX=400, fG=0.2%, and fMX=1.4%) (b). The MXene inclusions coated with 

the effective interface are colored in green, while the graphene inclusions coated with the 

effective interface are colored in blue. 

 

                         
(a)                                                                             (b) 

Figure 1. Examples of modeled RVEs:  with randomly orientated inclusions (G=1194, 

MX=200, fG=0.05%, and fMX=0.5%) (a) and with aligned inclusions (G=1194; MX=400, 

fG=0.2%, and fMX=1.4%) (b) 

The isotropic linear elastic material model was applied in this study to describe the 

behaviors of inclusion, interface and matrix materials, and it was assumed that the inclusions 

are perfectly bonded to the interface layers and that the interface layers are perfectly bonded to 

the matrix. This approach is suitable to determine the elastic behavior of the RVEs [24, 31]. 

Moreover, regarding the interface between MXenes and epoxy, this assumption is also based 

on the initial researches on surface energies of MXene and its interfacial adhesion energies with 

epoxy, as well as the analysis of scanning electron microscopy images of fractured surfaces of 
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epoxy/MXene/graphene composites demonstrates good adhesion properties. The mechanical 

properties of the graphene-matrix interphase were based on the research results obtained using 

the inverse modeling approach, as presented in [26]. The mechanical properties of the materials 

used in the model are based on the analysis of literature data and are presented in Table 1. 

 
Table 1. The mechanical properties of the materials  

Material property 

Materials 

MXene (Ti3C2) 

[34] 

Graphene 

[33] 

Effective 

interface  [26] 
Epoxy [25] 

Young’s modulus, GPa 330 1000 3.74 2.5 

Poisson’s ratio 0.23 0.165 0.35 0.35 

 

Three-dimensional periodic boundary conditions (PBCs) were applied to represent an 

infinite material domain [31], and the models were subjected to normal and pure shear loading 

cases in order to determine anisotropic mechanical properties of the composite. The applied 

strain for normal and pure shear loading was 0.005. 

For the inhomogeneous materials, the relation between volume averaged stress and 

volume averaged strain is determined as follows [35]: 

 

〈𝜀𝑖𝑗〉 =
1

|𝜑𝑒|
∫ 𝜀𝑖𝑗

0 (𝑥, 𝑦)
𝜑

𝑑𝜑𝑒 

 

(1) 

〈𝜎𝑖𝑗〉 =
1

|𝜑𝑒|
∫ 𝜎𝑖𝑗

0(𝑥, 𝑦)
𝜑

𝑑𝜑𝑒 = 𝐶𝑖𝑗𝑘𝑙
𝐻 (𝜀0)〈𝜀𝑘𝑙〉 

 
(2) 

where 〈𝜀𝑖𝑗〉 and 〈𝜎𝑖𝑗〉 are the volume averaged strain and stress, respectively; 𝜀𝑖𝑗
0  and 𝜎𝑖𝑗

0  are the 

local strain and stress, respectively; 𝜑𝑒 is the total volume of the RVE; 𝐶𝑖𝑗𝑘𝑙
𝐻  is the equivalent 

homogenized stiffness matrix. 𝐶𝑖𝑗𝑘𝑙
𝐻  constants can be calculated by applying six macrostrains 

and PBCs for six independent models. The RVE models were meshed using tetrahedral 

elements (the meshes consisted of ~3-4 million elements depending on the number of 

inclusions) and the volume averaged stresses and strains were calculated numerically by solving 

the FEM models using the commercial finite element software ANSYS (ANSYS, Inc., USA.). 

The effective stiffness matrix can be calculated as follows: 

 

[
 
 
 
 
 
𝜎11
𝜎22
𝜎33
𝜏23
𝜏13
𝜏12]

 
 
 
 
 

=

[
 
 
 
 
 
𝐶11 𝐶12 𝐶13 0 0 0
𝐶12 𝐶22 𝐶26 0 0 0
𝐶13 𝐶23 𝐶33 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶55 0
0 0 0 0 0 𝐶66]

 
 
 
 
 

[
 
 
 
 
 
𝜀11
𝜀22
𝜀33
𝛾23
𝛾13
𝛾12]

 
 
 
 
 

 (3) 

 

The inverted form of the 𝐶𝑖𝑗𝑘𝑙
𝐻 matrix is the compliance matrix 𝑆𝑖𝑗𝑘𝑙

𝐻 . The elastic constants 

can be calculated using the following [31]: 
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[𝑆] =

[
 
 
 
 
 
 
 
 
 
 
 
 
 

 

1

𝐸1

−𝜈21
𝐸2

−𝜈31
𝐸3

0 0 0

−𝜈21
𝐸2

1

𝐸2

−𝜈32
𝐸3

0 0 0

−𝜈31
𝐸3

−𝜈31
𝐸3

1

𝐸3
0 0 0

0 0 0
1

𝐺23
0 0

0 0 0 0
1

𝐺13
0

0 0 0 0 0
1

𝐺12]
 
 
 
 
 
 
 
 
 
 
 
 
 

 (4) 

3.  Simulation results 

As there are no data on the mechanical properties of the effective interface between 

MXenes and epoxy matrix, a simulation was carried out on the aligned RVE with ρG=1194, 

ρMX=400, fG=0.2%, and fMX=1.4% to determine the influence of its Young’s modulus 𝐸𝑀𝑋
𝑖  on 

the effective mechanical properties of the RVE. The results showed that the normalized 

effective moduli 𝐸1/𝐸𝑚 and 𝐸2/𝐸𝑚 increase nonlinearly as 𝐸𝑀𝑋
𝑖  increases (Figure 2 (a)). 

However, this increase is not very significant. Additionally, some slight changes in the effective 

Poisson’s ratios were observed as well (Figure 2 (b)). In this way, the Young modulus value of 

the MXene-matrix interface of 3.74 GPa was used in the following simulations. 

 

    
(a)                                                                          (b) 

Figure 2. The influence of the effective interface on the normalized effective elastic 

moduli (a) and Poisson’s ratios (b) 

 

Typical normal stress 𝜎1 contours under uniaxial tension in the 1-direction, and shear 

stress 𝜏12  contours under pure shear applied in the 12-plane for the RVE with randomly 

distributed inclusions (ρG=1194, ρMX=200, fG=0.05%, and fMX=0.5%) are presented in Figure 3 

and Figure 4, respectively. The matrix without inclusions and interface coatings is shown in 

Figure 3 (a) and Figure 4 (a), while the inclusions are shown in Figure 3 (b) and Figure 4 (b). 

The highest magnitudes of the normal stress 𝜎1 and shear stress 𝜏12  were observed in graphene 

inclusions. 
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(a)                                                                          (b) 

Figure 3. Normal stress 𝜎1 contours for the RVE with randomly distributed inclusions 

(G=1194, MX=200, fG=0.05%, and fMX=0.5%) under uniaxial tension in the 1-direction: the 

matrix (a); the graphene and MXene inclusions (b) 

 

    
(a)                                                                          (b) 

Figure 4. Shear stress 𝜏12 contours for the RVE with randomly distributed inclusions 

(G=1194, MX=200, fG=0.05%, and fMX=0.5%) under pure shear applied in the 12-plane: the 

matrix (a); the graphene and MXene inclusions (b) 

 

Normal stress 𝜎1 contours under uniaxial tension in the 1-direction and shear stress 𝜏13  
contours under pure shear applied in the 13-plane for the RVE with aligned inclusions 

(ρG=1194, ρMX=400, fG=0.2%, and fMX=1.4%) are presented in Figure 5 and Figure 6, 

respectively. The matrix without the inclusions and the interface coatings is shown in Figure 5 

(a) and Figure 6 (a), while the inclusions are shown in Figure 5 (b) and Figure 6 (b). The highest 

magnitudes of 𝜎1  and 𝜏13 were observed in graphene inclusions. 

    
(a)                                                                          (b) 

Figure 5. Normal stress 𝜎1 contours for the RVE with aligned inclusions (G=1194; MX=400, 

fG=0.2%, and fMX=1.4%) under uniaxial tension in the 1-direction: the matrix (a); the graphene 

and MXene inclusions (b) 
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(a)                                                                          (b) 

Figure 6. Shear stress 𝜏13 contours for the RVE with aligned inclusions (G=1194; 

MX=400, fG=0.2%, and fMX=1.4%) under pure shear applied in the 13-plane: the matrix (a); 

the graphene and MXene inclusions (b) 

 

The simulation showed that the normalized effective elastic modulus 𝐸/𝐸𝑚 increases 

when the volume fraction of MXene increases in the RVEs with random placement of the 

inclusions (Figure 7 (a)), as does the normalized effective shear modulus 𝐺/𝐺𝑚 (Figure 7 (b)). 

The simulation demonstrated that 𝐸/𝐸𝑚 and 𝐺/𝐺𝑚 ere higher under higher aspect ratios of 

MXene. 

 

  
(a)                                                                          (b) 

Figure 7. The mechanical properties of the RVE’s with randomly distributed inclusions 

as fG=0.05%: 𝐸/𝐸𝑚 (a) and 𝐺/𝐺𝑚 (b) vs MXene volume fractions under different aspect 

ratios of the inclusions 

 

Orthotropic effective mechanical properties were determined for the RVEs with aligned 

inclusions (Figure 8-Figure 11). Both the normalized effective moduli 𝐸̅1/𝐸𝑚 (Figure 8 (a)) and 

𝐸̅2/𝐸𝑚 (Figure 8 (b)) increase when MXene volume fraction increases; however, 𝐸̅1/𝐸𝑚 is 

significantly higher in comparison to 𝐸̅2/𝐸𝑚. The simulation demonstrated that by changing 

the volume fraction of MXene from 0.2% to 1.4%, 𝐸̅1/𝐸𝑚 is increased from ~1.7 to ~2.8 for 

the aspect ratio of MX=400, as well as from ~1.6 to ~2.6 for the aspect ratio of MX=200. 

Similarly, 𝐺̅13/𝐺𝑚 (Figure 8 (d)) demonstrates a more significant increase in comparison to 

𝐺̅12/𝐺𝑚 (Figure 8 (c)). By changing the volume fraction of MXene from 0.2% to 1.4%, 𝐺̅13/𝐺𝑚 

is increased from ~1.8 to ~2.8 for the aspect ratio of MX=400, as well as from ~1.7 to ~2.7 for 

the aspect ratio of MX=200. Higher aspect ratios of MXene contribute to higher magnitudes of 

𝐸̅1/𝐸𝑚, 𝐸̅2/𝐸𝑚.and 𝐺̅13/𝐺𝑚. Although, lower values of 𝐺̅12/𝐺𝑚 were observed under the higher 

value of the aspect ratio of MXene. 
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(a)                                                                          (b) 

  
(c)                                                                          (d) 

Figure 8. The mechanical properties of the RVE’s with aligned inclusions as fG=0.2%:  

𝐸̅1/𝐸𝑚 (a), 𝐸̅2/𝐸𝑚 (b), 𝐺̅12/𝐺𝑚 (c) and 𝐺̅13/𝐺𝑚 (d) vs MXene volume fractions under 

different aspect ratios of the inclusions 

 

Figure 9 demonstrates the linear relationship between effective Poisson’s ratios and MXene 

volume fractions in the analyzed range. As it is expected due to the inclusion alignment parallel 

to the 13-plane, an increase in the volume fraction of MXene from 0.2% to 1.4%, leads to an 

increase of 𝜈12 from 0.385 to 0.404 for MX=400 and from 0.383 to 0.402 for MX=200. 

Meanwhile, 𝜈13 decreases from 0.284 to 0.243 for MX=400 and from 0.287 to 0.248 for 

MX=200, as well as  𝜈23 decreases from 0.259 to 0.189 for MX=400 and from 0.266 to 0.202 

for MX=200. 

 

 
Figure 9. Effective Poisson’s ratios vs MXene volume fractions under different aspect 

ratios of the inclusions as fG=0.2% 

 

Similar influences of the graphene volume fraction on the effective moduli (Figure 10) and 

Poisson’s ratios (Figure 11) were observed. By increasing the volume fraction of graphene in 
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the hybrid composite up to 0.3%, while keeping  𝐸̅1/𝐸𝑚 is increased from ~1.8 to ~2.7 and 

𝐺̅13/𝐺𝑚 is increased from ~1.9 to ~2.9. 

 
(a)                                                                          (b) 

 
(c)                                                                          (d) 

Figure 10. Mechanical properties of the RVE’s with aligned inclusions as fMX=1%: 𝐸̅1/𝐸𝑚 (a), 

𝐸̅2/𝐸𝑚 (b), 𝐺̅12/𝐺𝑚 (c) and 𝐺̅13/𝐺𝑚 (d) vs graphene volume fractions under different aspect 

ratios of the inclusions 

An increase in the volume fraction of graphene in the hybrid composite up to 0.3%, leads 

to an increase of 𝜈12 from 0.383 to 0.402 for MX=400 and from 0.375 to 0.406 for MX=200. 

Meanwhile, 𝜈13 decreases from 0.285 to 0.249 for MX=400 and from 0.301 to 0.242 for 

MX=200, as well as  𝜈23 decreases from 0.247 to 0.195 for MX=400 and from 0.267 to 0.204 

for MX=200. 

 

 
 

Figure 11. Effective Poisson’s ratios vs graphene volume fraction under different aspect ratios 

of the inclusions as fMX=1% 
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4.  Conclusions 

A finite element computational model was developed to analyze the mechanical 

properties of a new polymer composite reinforced with MXene and graphene 2D nanosheets 

taking into account the properties of the 2D nanosheets, different aspect ratios, placement 

options and volume fractions of nanoreinforcements, as well as the interaction effects between 

the nanofillers and the surrounding polymer matrix. 

The simulation results showed that MXenes significantly increase the elastic properties 

of the composite. The simulation results showed that the normalized effective elastic moduli 

increase when the volume fractions of MXene increase. All of these trends were observed in 

both types of RVEs with random and aligned placement of the inclusions. However, the aligned 

placement of the inclusion leads to significantly higher stiffness along the alignment direction. 

Higher aspect ratios also contribute to a higher increase in stiffness. A similar influence of the 

graphene volume fraction on the mechanical properties of the hybrid composite was also 

observed. Despite the fact that graphene increases the stiffness of the composite more 

significantly in comparison to MXene, it is expected that MXenes will expand the scope of 

applications of graphene reinforced hybrid nanocomposites as the addition of MXenes might 

contribute to a reduction of costs, a simplification of manufacturing processes, an enhancement 

of electrical transport, etc. The results suggest that MXenes along with graphene nanosheets 

show considerable promise in the development of novel nanoengineered high-strength 

multifunctional composite materials, as well as provides insight for future design of such 

materials. 
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